OPEN Citation: Oncogenesis (2013) 2, e82; doi:1 0.1 038/oncsis.201 3.45 

© 2013 Macmillan Publishers Limited All rights reserved 2157-9024/13 



www.nature.com/oncsis 



ORIGINAL ARTICLE 

Mitochondrial DNA depletion sensitizes cancer cells to PARP 
inhibitors by translational and post-translational repression of 
BRCA2 

AA Arbini 1 , F Guerra 2 , M Greco 3 , E Marra 3 , L Gandee 4 , G Xiao 5 , Y Lotan 4 , G Gasparre 2 , J-T Hsieh 4 and L Moro 1 ' 3 ' 4 

Previous studies have shown that pharmacologic inhibition of poly (ADP-ribose) polymerase (PARP), a nuclear protein that is crucial 
in signaling single-strand DNA breaks, is synthetically lethal to cancer cells from patients with genetic deficiency in the DNA repair 
proteins BRCA1 and BRCA2. Herein, we demonstrate that depletion of the mitochondrial genome (mtDNA) in breast, prostate and 
thyroid transformed cells resulted in elevated steady-state cytosolic calcium concentration and activation of calcineurin/PI3-kinase/ 
AKT signaling leading to upregulation of miR-1245 and the ubiquitin ligase Skp2, two potent negative regulators of the tumor 
suppressor protein BRCA2, thus resulting in BRCA2 protein depletion, severe reduction in homologous recombination (HR) and 
increased sensitivity to the PARP inhibitor rucaparib. Treatment of mtDNA-depleted cells with the PI3-kinase inhibitor LY294002, the 
calmodulin antagonist W-7, the calcineurin inhibitor FK506, the calcium chelator BAPTA-AM, or suppression of AKT activity by AKT 
small-interfering RNA (siRNA) enhanced BRCA2 protein levels as well as HR. Decreasing the intracellular calcium levels using BAPTA, 
or direct reconstitution of BRCA2 protein levels either by recombinant expression or by small molecule inhibition of both Skp2 and 
miR-1245 restored sensitivity to rucaparib to wild-type levels. Furthermore, by studying prostate tissue specimens from prostate 
carcinoma patients we found a direct correlation between the presence of mtDNA large deletions and loss of BRCA2 protein in vivo, 
suggesting that mtDNA status may serve as a marker to predict therapeutic efficacy to PARP inhibitors. In summary, our results 
uncover a novel mechanism by which mtDNA depletion restrains HR, and highlight the role of mtDNA in regulating sensitivity to 
PARP inhibitors in transformed cells. 
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INTRODUCTION 

In recent years, poly (ADP-ribose) polymerase (PARP) inhibitors 
have emerged as a novel class of anticancer drugs that 
function through a mechanism known as synthetic lethality, 
whereby two defective genes or pathways with negligible effect 
on cell viability turn lethal when combined in the same cell. 1 
PARP-1 and -2 have an important role in signaling single-strand 
breaks 2 and their inhibition results in accumulation of single- 
strand breaks, double-strand breaks (DSBs), stalled S-phase 
replication forks and apoptosis unless rescued by upstream 
homologous recombination (HR). 3 Effective HR depends upon 
BRCA1 and BRCA2, whose major function is to complex with 
Rad51 to orchestrate DNA repair. They are encoded by the 
tumor suppressor genes BRCA1 and BRCA2 that, when mutated, 
result in familial predisposition to breast and ovarian cancer in 
women and prostate cancer in men. 4 These neoplasias 
characteristically lack BRCA1 or BRCA2 activity and thus, 
upstream inhibition of PARP would result in cancer cell 
apoptosis. Indeed, cells that are deficient in BRCA1 or BRCA2 
are about 1000-fold more sensitive to PARP inhibitors. 5 This 
model of synthetic lethality by PARP inhibitors is being proven to 
be effective in clinical trials for treatment of cancers that result 



from inherited mutations in BRCA1 or BRCA2. 6,7 However, the 
potential value of these novel drugs in sporadic cancers has not 
yet been investigated. 

Mitochondrial dysfunction has been implicated in tumorigen- 
esis because of the vital role of mitochondria in energy 
production, regulation of apoptosis, nucleus-to-mitochondria 
and mitochondria-to-nucleus signal integration and a plethora 
of metabolic pathways. 8-13 Mitochondrial dysfunction leads to 
resistance to apoptosis, 14-17 promotion of metastasis 1 5,1 6,1 8,1 9 and 
chromosomal instability, 20 and a number of genetic and metabolic 
mitochondrial abnormalities have been reported in cancer. 9,11 
Mitochondria contain their own genome (mtDNA), a circular 
16 569-bp molecule containing a regulatory region (the D-loop), 
which controls mtDNA replication and transcription, 13 protein- 
encoding genes, 22 tRNA and 2 rRNA. Mutations in the mtDNA 
have been reported in all cancers examined to date 9,17 although 
their functional effect is still unclear. In particular, mutations in the 
D-loop region can result in altered binding of nuclear proteins 
involved in mtDNA replication, thus promoting depletion of the 
mtDNA content. 21 Actually, mtDNA depletion appears to be a 
common feature of a variety of cancer types. 1 5,1 6,22-24 The purpose 
of the present study was to determine whether, and by what 
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mechanism, mtDNA depletion or large deletions might cooperate 
with PARP inhibition to induce cell death in cancer cells. 

RESULTS 

MtDNA depletion decreases HR and sensitizes cells to the PARP 
inhibitor AG014699 

In this study, we used a panel of cell lines depleted of mtDNA 
by culturing cells in the presence of 100ng/ml ethidium bromide 
for 40 days, essentially as described before by us and other 
groups. 1 5,1 6,24-28 Ethidium bromide selectively inhibits mtDNA 
replication and, at the low levels used in this study, has no 
detectable effect on nuclear DNA replication or cell cycle. We have 
previously shown that mtDNA depletion promotes a migratory 
and anoikis-resistant phenotype in transformed cells. 16 Here, we 
first tested whether mtDNA depletion may affect HR in wild-type 



and mtDNA-depleted [Rho(0)] prostate, breast and thyroid cell 
lines by analyzing the formation of yH2AX foci (markers of DSBs 
occurrence), and Rad51 foci (markers of DSBs repair), which arise 
spontaneously during normal DNA metabolism. As shown in 
Figure 1a, Rho(0) cells exhibited a significant decrease in 
spontaneous Rad51 foci formation in comparison with parent 
cells regardless of tissue derivation, suggesting that mtDNA- 
depleted cells may have defective HR. We also detected a slight 
increase in the number of spontaneous yH2AX foci in Rho(0) cells, 
consistently with previous studies 28,29 

Because HR-deficient cells fail to form Rad51 foci in response to 
DNA damage, we then tested the effect of the potent PARP 
inhibitor AG014699 30 on Rad51 and yH2AX foci formation in 
Rho(0) cells. As shown in Figures 1b and c, PARP inhibition with 
IOjimol/1 AG014699 for 24-48 h induced DSBs (yH2AX foci) at 
comparable levels in all cell lines, followed by a time-dependent 
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Figure 1. MtDNA depletion decreases HR and sensitizes cells to AG014699. (a) Wild-type (wt), cybrids and Rho(0) cells were analyzed for 
spontaneous DSBs formation and repair by yH2AX and Rad51 immunofluorescence, respectively. The number of Rad51 foci was expressed as 
the percentage of wild-type cells. yH2AX foci were reported in percentage by counting the number of yH2AX-positive cells on a total of 100 
cells in a randomly selected field, (b, c) Cells were treated with 10 hm AG014699 or solvent up to 48 h, before incubation with fluorescently 
labeled antibodies against yH2AX for DSBs induction (red foci) and Rad51 for DSBs undergoing repair (green foci). Graphs and bar chart 
summarize the results as the percentage of untreated control cells (b). Representative photographs are shown for PNT1 A wild type, Rho(0) and 
cybrids at 24 h (c). (d) Wild-type and mtDNA-mutant cells treated with 1 0 ja/vi AG014699 for 24 h were cultured in drug-free medium for 21 
days, fixed and counted. Cell survival was calculated as the percentage of untreated controls. A representative experiment after 21 days is 
shown for PNT1A cells. 
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increase in Rad51 repair foci in wild-type cells (3.5-fold increase at 
48 h) but not in Rho(O) PNT1A cells, indicating that defective 
mtDNA may hinder nuclear DNA DSB repair by HR. A similar 
pattern was observed in the other Rho(O) cell lines (not shown). 
This peculiar behavior was not dependent on a different inhibition 
of PARP activity in wild-type and Rho(O) cells after AG014699 
treatment because residual PARP activity was comparable among 
different cell types (Supplementary Figure 1). Of note, though we 
observed increased spontaneous yH2AX foci in Rho(O) cells 
(Figure 1a), induction of DSBs upon treatment with a DNA 
damaging agent, like AG014699, is such a brisk event that 
eventual differences in a yH2AX background are virtually 
undetectable. We then tested whether reduced HR repair after 
AG014699 treatment may affect survival of Rho(O) cells. As shown 
in Figure 1d, survival of mtDNA-depleted cells 21 days after 
AG014699 treatment was decreased by >50% as assessed by 
clonogenic assay (P< 0.005). To prove a causal link between 
depletion of mtDNA and reduced HR after PARP inhibition, and 
rule out the possibility of a spurious behavior due to nuclear DNA 
damage, we repeated these experiments using PNT1A 



cytoplasmic hybrid cells (cybrids), in which the mtDNA of PNT1A 
Rho(0) cells was replenished by inducing cell membrane fusion 
with human platelets obtained from a healthy blood donor 
(PNT1 A cybrids 16 ). As shown in Figure 1, the abnormal phenotype 
was completely rescued in cybrids. Overall, these results indicate 
that mtDNA depletion may sensitize cells to PARP inhibitors by 
hindering HR. 



MtDNA depletion reduces BRCA2 protein levels 
We then investigated whether the decreased formation of Rad51 
foci in mtDNA-depleted cells after PARP inhibition resulted from 
changes in BRCA2 or BRCA1 levels, key components of the HR 
DNA repair pathway. 31 As shown in Figure 2a, mtDNA-depleted 
cells exhibited >50% reduction in BRCA2 protein expression but 
no significant change in BRCA1 protein levels. We also tested C4-2 
cells, an invasive androgen-independent cell line derived from 
low-grade LNCaP prostate carcinoma (PCa) cells with decreased 
mtDNA and harboring multiple mtDNA-deletion mutants 
(Figure 2b). 15 ' 16 ' 24 As shown in Figure 2b, BRCA2 protein levels 
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Figure 2. MtDNA depletion decreases BRCA2 protein expression, (a) Wild-type and mtDNA-depleted cells were assessed for BRCA2 and BRCA1 
protein expression by western blotting, (b) Total DNA was extracted from LNCaP and C4-2 prostate carcinoma cells, and mtDNA was amplified 
by long PCR (left panel) or quantified by real-time PCR (right bar graph) using primers for D-loop or Cox II. At the top right panel, BRCA2 levels 
were analyzed by western blotting, (c) MtDNA-depleted cells were transiently transfected with BRCA2 cDNA or empty vector (control), treated 
with AG014699 for 48 h, and Rad51 foci (left panel) and cell survival (right panel) were measured by immunofluorescence and clonogenic 
assays, respectively. Data are expressed as the percentage of untreated controls. Representative blots of BRCA2 protein levels in transiently 
transfected cells are shown. 
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in C4-2 versus LNCaP wild-type cells replicate those of LNCaP 
Rho(O) cells. 

Subsequently, we expressed recombinant BRCA2 and tested the 
ability of cells to engage in HR DNA repair after PARP inhibition. As 
shown in Figure 2c, BRCA2 expression was able to rescue the 
abnormal phenotype by increasing Rad51 HR-repair foci and cell 
survival to wild-type levels. These data indicate that mtDNA- 
depleted cells become HR incompetent and die after PARP 
inhibition as a result of decreased BRCA2 levels. 

BRCA2 protein translation and stability are reduced in 
mtDNA-depleted cells 

It has been previously reported that mtDNA depletion affects the 
expression of nuclear genes by modifying their mRNA 
levels. 25,26,32 To investigate whether this mechanism was 
involved in the downregulation of BRCA2 in Rho(O) cells, we 
examined BRCA2 expression at the transcriptional, translational 
and post-translational level. As shown in Figure 3a, BRCA2 mRNA 
content in Rho(O) cells was similar to wild-type cells. However, the 
BRCA2 translational rate was reduced by 78% in PNT1A Rho(O) 
(Figure 3b) and a similar decrease was observed in the other 
Rho(O) cell lines (not shown). Subsequently, we assessed BRCA2 
protein stability after cell exposure to the protein synthesis 
inhibitor cycloheximide (in the absence of rucaparib). While BRCA2 
protein was stable up to 48 h in wild-type cells, its half-life 
decreased in PNT1A Rho(O) cells (Figure 3c), suggesting that 
BRCA2 levels are modulated by mtDNA depletion also through a 
post-translational mechanism. 

MtDNA depletion promotes an increase in Skp2 protein and 
miR-1245 levels 

We next tested whether mtDNA mutations may promote BRCA2 
protein instability by altering Skp2 levels, an E3 ubiquitin ligase 
able to bind and degrade BRCA2. 33,34 As shown in Figure 4a, 
mtDNA-depleted cells exhibited a significant increase in Skp2 
protein and mRNA levels compared with wild-type controls. 
Reduction in Skp2 levels by small-interfering RNA (siRNA) in Rho(O) 
cells resulted in a partial recovery of BRCA2 protein levels 
(Figure 4b). Since we also detected a reduction in BRCA2 protein 
translation in mtDNA-mutated cells, we next investigated whether 
mtDNA mutations may affect the levels of miR-1245, a micro-RNA 
that suppresses BRCA2 translation by binding to the 3'UTR. 35 
MtDNA-mutated cells showed a 70-80% increase in miR-1245 
levels (P< 0.005; Figure 4c) compared with wild-type controls and 
reconstitution of the mtDNA pool in PNT1A Rho(0) restored miR- 



1245 levels to those of wild-type cells (PNT1A cybrids; Figure 4c). 
Suppression of Skp2 protein by specific siRNA did not alter miR- 
1245 levels (Figure 4c). Inhibition of miR-1245 by transfection of a 
specific inhibitory miRNA-1245 lentiviral system resulted in about 
70% increase in BRCA2 protein levels in Rho(0) cells without 
affecting Skp2 levels (Figure 4d), and the combination of miR-1 245 
inhibitor with Skp2 siRNA completely restored BRCA2 protein 
levels (Figure 4d). Consistently, Skp2 siRNA and miR-1245 inhibitor 
increased the number of Rad51 foci and decreased cell apoptosis 
in Rho(0) cells treated with AG014699, with anti-miR-1245 proven 
to be more effective than Skp2 siRNA in restoring DNA repair 
capability (Figure 4e). 



Suppression of BRCA2 levels and increased sensitivity to PARP 
inhibitors under mitochondrial dysfunction is dependent on 
calcineurin/PI3-kinase/Akt pathway 

We next explored how mtDNA depletion may modulate the 
expression of the BRCA2 regulators Skp2 and miRNA-1245. To 
assess whether suppression of BRCA2 expression is induced by 
inhibition of mitochondrial respiration or collapse of mitochon- 
drial membrane potential, PNT1A cells were cultured in the 
presence or absence of rotenone (Complex I inhibitor), Antimycin 
A (Complex III inhibitor) or CCCP (uncoupler). As shown in 
Figure 5a, rotenone, antimycin A and CCCP suppressed BRCA2 
levels, but enhanced Skp2 and miR-1245 expression. Because 
inhibition of mitochondrial respiration or mitochondrial mem- 
brane depolarization is reported to increase the cytosolic calcium 
concentration ([Ca 2 + ]j), we measured the amount of cytosolic 
calcium levels and found that mtDNA-mutated cells showed 
higher [Ca 2 + ]j than control cells (Figure 5b), in agreement with 
previous studies. 25,26 All Rho(0) cell lines exhibited reduction 
in ATP levels (Supplementary Figure 2), consistently with a 
reduction in mitochondrial respiratory activity in mtDNA-deficient 
cells. 

To investigate whether changes in [Ca 2 + ]j had a role in 
regulating BRCA2 levels and cell sensitivity to PARP inhibitors, 
mtDNA-mutated cells were exposed to BAPTA-AM, an intracellular 
calcium chelator. As shown in Figures 5c-f, treatment of PNT1A 
Rho(0) cells with BAPTA-AM resulted in increased BRCA2 protein 
levels, reduction in the BRCA2 negative regulators Skp2 and miR- 
1245, as well as decreased apoptosis and increased number of 
Rad51 foci after treatment with rucaparib. Consistently, transient 
treatment of wild-type PNT1A cells with the Ca 2+ ionophore 
ionomycin, which resulted in about twofold elevation in steady- 
state [Ca 2 + ]j, increased both Skp2 and miR-1245 levels, decreased 
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Figure 3. BRCA2 protein translation and stability are reduced in mtDNA-depleted cells, (a) BRCA2 mRNA levels were quantified by real-time 
RT-PCR and expressed as the percentage of wild-type cells, (b) Cells were metabolically labeled with 35 S-methionine/cysteine, and proteins 
were immunoprecipitated with an antibody to BRCA2. 35 S-labeled immunoprecipitated proteins were visualized by fluorography. (c) BRCA2 
steady-state protein levels were determined by western blotting up to 48 h after cycloheximide addition (20ucj/ml) and reported as the 
percentage of BRCA2 protein levels at time 0. 
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Figure 4. MtDNA depletion increases Skp2 protein and miR-1245 levels, (a) Skp2 protein and mRNA levels were analyzed in wild-type and 
Rho(0) cells by western blotting and real-time RT-PCR, respectively, (b) Wild-type and Rho(0) cells were transiently transfected with Skp2 
siRNA or non-specific siRNA (-) and, after 48 h, analyzed for Skp2 and BRCA2 protein levels by western blotting, (c) miR-1245 levels were 
monitored in wild-type (WT) and Rho(0) cells by real-time RT-PCR and expressed as the percentage of wild-type cells. On the right, PNT1A 
Rho(0) cells were transiently transfected with Skp2 siRNA for 48 h before analysis of miR-1245 levels, (d, e) Wild-type and Rho(0) cells were 
transiently transfected with a miR-1245 inhibitor and/or Skp2 siRNA or non-specific siRNA ( - ). Forty-eight hours after transfection, BRCA2 or 
Skp2 levels were analyzed by western blotting (d) or cells were treated with AG014699 for 48 h, and then Rad51 foci (e, left panel) and cell 
apoptosis (e, right panel) were measured. Data are expressed as the percentage of untreated controls. 



BRCA2 protein and enhanced sensitivity to rucaparib-induced 
apoptosis. 

To investigate the involvement of calcium-dependent factors in 
the suppression of BRCA2 protein, we first tested the expression 
levels of calcineurin, a serine/threonine phosphatase controlled by 
calcium and calmodulin, previously shown to be activated in 
mtDNA-depleted cells. 26 ' 36 Calmodulin was upregulated in PNT1A 
Rho(0) cells (Figure 6a), as well as pAKT and the PI3-kinase 
regulatory subunit p85, as previously reported. 16 To assess the 
potential involvement of calcineurin and PI3-kinase/AKT in the 
regulation of BRCA2 levels in Rho(0) cells, we selectively inhibited 
PI3-kinase with LY294002, calmodulin with W-7 and calcineurin 
with FK506 in Rho(0) cells. All three inhibitors increased BRCA2 
protein levels (Figure 6b) and suppressed Skp2 and miR-1245 
levels (Figure 6c). Interestingly, inhibition of calmodulin or 
calcineurin also resulted in reduced AKT phosphorylation 
(Ser473) and p85 levels, suggesting that calmodulin/calcineurin 
are upstream activators of PI3-kinase/AKT in Rho(0) cells. Finally, all 
three inhibitors increased both spontaneous and rucaparib- 
induced Rad51 foci formation (Figure 6d). 

Since AKT is a downstream effector of calcium and PI3-kinase, 
and we have previously shown that its activation may suppress 
BRCA2 protein levels, 33 we next tested the role of AKT in the 
modulation of BRCA2 levels and HR in Rho(0) cells. Suppression of 
AKT by siRNA enhanced BRCA2 protein (Figure 6e), down- 
regulated Skp2 and miRNA-1245 (not shown) and increased HR 
in Rho(0) cells (Figure 6e). As a control, we also tested whether 



activation of the metabolic sensor AMPK may be involved in the 
regulation of BRCA2 protein. To this extent, we activated AMPK in 
wild-type PNT1A cells with AICAR and then tested BRCA2 and 
Skp2 protein levels, as well as AMPK activation (pAMPK (Thr172) 
levels). Neither BRCA2 nor Skp2 protein was affected by AMPK 
(Figure 6f). Overall, these results suggest that a calcineurin/PI3- 
kinase/AKT pathway modulates suppression of BRCA2 protein and 
HR in mtDNA-depleted cells. 



Large deletions in mtDNA are associated with reduced BRCA2 in 
human PCa 

To assess the biologic relevance of our findings in vivo, we used 
long PCR to screen for large deletions of mtDNA in 12 benign and 
24 PCa specimens. Large mtDNA deletions, absent or present in 
low number (^2) in benign prostates, were significantly increased 
in PCa but not in the corresponding mtDNA from peripheral 
blood lymphocytes, confirming their somatic origin (Figure 7a; 
Supplementary Figure 3). In the same specimens, BRCA2 and Skp2 
protein levels were quantified by western blotting, and miR-1245 
levels were measured by real-time RT-PCR. As shown in Figure 7a 
(bottom panel), BRCA2 protein was virtually undetectable in the 
majority of prostate cancers, confirming previous observations, 34 
whereas Skp2 was upregulated. Similarly, miR-1245 levels were 
significantly increased in PCa samples (Figure 7b). The number of 
mtDNA deletions was inversely correlated with BRCA2 protein 
levels (rho= -0.89) but directly correlated with both miR-1245 
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Figure 5. Suppression of BRCA2 levels and increased sensitivity to PARP inhibitors under mitochondrial dysfunction involves increased 
cytosolic calcium concentration, (a) BRCA2, Skp2 and miR-1245 levels were evaluated in total protein extracts or miRNA preparations of PNT1 A 
cells cultured 6h in the presence or absence of rotenone (350nivi) 7 antimycin A (ISOng/ml), CCCP (2|im) or solvent alone (Control), (b) Steady- 
state [Ca 2 + ]j was measured using Fura-2AM. (c) PNT1A Rho(0) cells were treated with the calcium chelator BAPTA-AM for 1 h, incubated in 
fresh medium for 24 h, harvested and analyzed for BRCA2 and Skp2 protein levels by immunoblotting, and for miR-1245 levels by real-time 
quantitative PCR. (d) PNT1A wild-type cells were treated with the calcium ionophore ionomycin for 3 h, incubated in fresh medium for 24 h, 
harvested and analyzed for BRCA2 and Skp2 protein levels by immunoblotting, and for miR-1245 levels by real-time quantitative PCR. (e, f) 
Cells were treated with BAPTA-AM or ionomycin as described in (b) and (c), then added with fresh medium containing 10 hm AG014699. After 
48 h, Rad51 foci formation (e) and apoptosis (f) were measured. 



and Skp2 levels (rho = 0.72 and rho = 0.64, respectively) 
(Figure 7c). On the other hand, mtDNA point mutations in 15 
PCa samples did not show any correlation with BRCA2 protein 
levels (Table 1). From the 15 samples, only 6 were found to harbor 
point mutations (40%), as follows: 4 had a single missense 
mutation affecting a mtDNA-encoded protein and 2 (PCa 7 and 
PCa 14) showed 2 concurrent point mutations affecting either a 
mtDNA-encoded protein or a tRNA. None of the PCa specimens 
analyzed in this study exhibited mutations in the D-loop region 
and 6/15 exhibited a significant reduction in mtDNA content. 
Moreover, 75% of the mtDNA point mutations in PCa were not 
somatic as they were also present in the patient's peripheral blood 
lymphocytes. Interestingly, mtDNA point mutations were also 



found in benign prostates, indicating that they may not be specific 
for prostate neoplastic transformation. 

DISCUSSION 

Growing evidence suggests that mtDNA mutations may be 
associated with tumor development and progression in a variety 
of cancers, including breast, thyroid and prostate carci- 
noma. 1 6,1 8,37-40 However, the mechanisms involved are not 
completely understood. Herein, using cell models of mtDNA 
depletion, as well as tissue samples from patients affected with 
PCa, we have shed light on a novel biologic relationship between 
mitochondrial dysfunction and loss of BRCA2 protein in sporadic 
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Figure 6. Suppression of BRCA2 levels and inhibition of HR under mitochondrial dysfunction is dependent on a calcineurin/PI3-kinase/Akt 
pathway, (a) Wild-type and Rho(0) PNT1 A cells were assessed for calcineurin, pAKT, total AKT and p85 levels by immunoblotting. (b-d) PNT1A 
Rho(0) cells were incubated for 1 h with 1 0 |im LY294002, 2 jim BAPTA-AM, 25 |im W-7, 1 0 nM FK506 or solvent alone (control), incubated for 24 h 
in fresh medium and then assessed for BRCA2, pAKT, total AKT and p85 levels by immunoblotting (b), for Skp2 and miR-1245 RNA levels by 
quantitative RT-PCR (c), and for spontaneous and rucaparib-induced Rad51 foci by immunofluorescence (d). (e) PNT1A Rho(0) cells were 
transiently transfected with AKT siRNA or non-specific siRNA (-) and after 48 h assessed for BRCA2, pAKT and AKT protein levels by 
immunoblotting (left) and for spontaneous Rad51 foci formation by immunofluorescence (right), (f) PNT1 A wild-type cells were incubated for 
6h with the AMPK activator AICAR (0.5mivi), incubated in fresh medium for 24 h, then analyzed for BRCA2 and Skp2 protein levels by 
immunoblotting. 



tumors, which conceivably leads to nuclear genomic instability, 
cumulative mutations and tumor progression, but also enhances 
cancer cell sensitivity to apoptosis induced by PARP inhibitors. 

BRCA2 is a potent tumor suppressor protein mostly recognized 
as part of the hereditary breast and ovarian cancer syndrome. 
Indeed, inheritance of a single mutated allele results in genomic 
instability that predisposes to familial breast and ovarian cancer, 
as well as other malignancies, including prostate cancer in 
men. 41,42 Recent evidence demonstrated that its role in 
tumorigenesis goes well beyond the familial cancer syndrome. 
Indeed, loss of BRCA2 protein has been reported in sporadic 
cancers. 34 While the role of mtDNA depletion in BRCA2 regulation 
had not been previously explored, reports in the literature have 
linked mtDNA mutations with chromosomal instability due to 
increased DSBs. For example, DSBs and chromosomal instability 
have been shown to occur spontaneously upon mtDNA depletion 
in cancer cells. 28,29 Our study provides strong evidence supporting 
a direct linkage between mtDNA large deletions/depletion and 
downregulation of BRCA2, with the resulting increase in DSBs and 



chromosomal instability that is observed in mtDNA-mutated 
tumors. Furthermore, we have confirmed these observations in 
PCa samples in vivo, where we have also shown that unlike mtDNA 
point mutations, only mtDNA large deletions would be able to 
affect BRCA2, as they occur in carcinoma but not in benign 
prostate hyperplasia (BPH) or normal prostate. MtDNA point 
mutations appear largely non-tissue specific as 75% of the point 
mutations detected in carcinoma samples were also present in the 
corresponding blood lymphocytes (germline origin of the 
mutations). 

Since the resulting effect of mtDNA depletion on chromosomal 
instability appears to be at least in part mediated by BRCA2 
downregulation, we hypothesized that mtDNA-depleted cells 
ought to have an increased sensitivity to PARP inhibitors, a new 
class of anticancer substances that rely on the synthetic lethality of 
PARP inhibition in the presence of a defective BRCA1-2 pathway, 
resulting in DSBs, DNA fragmentation and cell death. Indeed, we 
demonstrate that mtDNA depletion, a condition that recapitulates 
mtDNA large deletions, 21 does enhance cell sensitivity to PARP 
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Figure 7. MtDNA large deletions are associated with reduced BRCA2 protein in human prostate carcinoma (PCa). (a) Total DNA extracted from 
normal prostate (N; n = 3), BPH (n = 3) and PCa (n = 9) specimens was subjected to long PCR analysis of the complete mtDNA. M = molecular 
weight marker. Bottom panel: Total protein extracts obtained from the same specimens used for PCR analysis were analyzed for BRCA2 and 
Skp2 protein expression by western blotting. Tubulin was used as a loading control, (b) Total miRNA extracted from samples used in (a) was 
subjected to real-time PCR to measure miR-1245 levels. Data are expressed as the percentage of normal prostate levels set at 100. (c) BRCA2 
protein levels (left) were negatively correlated with the number of mtDNA deletions in prostate cancer specimens (P< 0.0001, Spearman's 
correlation coefficient testing). MiR-1245 (middle) and Skp2 protein (right) levels were positively correlated with the number of mtDNA 
deletions in prostate cancer specimens (P< 0.0001). Each box and the associated bars represent the values of the middle 50% and the range of 
data, respectively. N: number of specimens. 



inhibitors by hindering HR, as assessed by generation of 
Rad51 foci. Several prior studies including from our own group 
have shown that mtDNA depletion/mutations in low-grade cancer 
cells promote chromosomal instability, a metastatic cellular 
phenotype, and resistance to apoptosis. 1 5,1 6,1 9,29,43 To our 
knowledge, this is the first time that mtDNA depletion is shown 
to be synthetically lethal with inhibition of a nuclear-encoded 
protein, that is, PARP. A direct clinical application of these findings 
is that some tumors featuring mtDNA large deletions, such as 
prostate carcinomas, would potentially benefit from therapeutic 
regimens encompassing PARP inhibitors. 

Our investigations on the mechanisms whereby mtDNA 
mutations result in downregulation of BRCA2 protein unveiled 



two different pathways, which in combination were able to abate 
BRCA2 levels: a translational mechanism mediated by miR-1245 
and a post-translational one mediated by the E3 ubiquitin ligase 
Skp2, both mechanisms dependent on a mitochondrial stress- 
induced increase in [Ca 2 + ]j. The finding of increased [Ca 2 + ]j in 
mtDNA-depleted cells is consistent with previous studies demon- 
strating a 2- to 3-fold increase in calcium levels after mtDNA 
depletion, associated with upregulation of anti-apoptotic and 
pro-invasive genes. 25,27 However, this is the first time that 
mitochondrial-stress related calcium signaling is shown to affect 
the expression of BRCA2 as well as of a miRNA. Furthermore, by 
studying prostate tissue specimens from PCa patients we found a 
direct correlation between the presence of mtDNA large deletions 
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Table 1. mtDNA point mutations, mtDNA large deletions and BRCA2 protein levels in prostate carcinoma specimens 



Point mutations 



Sample 


Base 
change 


Amino-acid 
change 


Gene 


Het 


PSIC 


Somatic 


Variability 


ID 


Large 
deletions (n) 


mtDNA 
content (%) 


BRCA2 
protein (%) 


BPH 1 


A15929G 


— 


MT-TT 


- 




n.a. 


0.002 


PA_XX_XX_183 


0 


83 


45 


BPH 2 


T12713C 


11 26T 


MT- 
ND5 




0.003 


n.a. 


0.000 


DA VV VV 1 OO 

PA XX XX 1 88 


2 


98 


61 


BPH 3 


f~ r\~*i r\r\ a 

G9300A 


A32T 


MT- 
COIII 




0.000 


n.a. 


0.019 


OA \/\/ \/ \/ 1 r> A 

PA XX XX 1 84 


0 


100 


62 


BPH 4 


T14501C 


I58T 


MT- 
ND6 




0.514 


n.a. 


0.000 


r»A \/\/ \/ \/ 1 or 

PA XX XX 1 85 


0 


98 


89 


BPH 5 


A1 2634G 


1100V 


MT- 
ND5 




0.925 


n.a. 


0.010 


OA VV VV 1 OC 

PA XX XX 1 86 


1 


100 


84 




A13630G 


T432A 


MT- 
ND5 




0.527 


n.a. 


0.006 












T8668C 


i ma on 

W48R 


MT- 
ATP6 




0.999 


n.a. 


0.004 










BPH 6 


T5160C 


S231 P 


MT- 
ND2 




0.986 


n.a. 


0.000 


OA VV VV 1 0~7 

PA XX XX 1 87 


2 


91 


1 00 


PCa 1 


None 














OA VV VV 1 CO 

PA XX XX 1 68 


7 


34 


5 


PCa 2 


T1 1 204C 


F149L 


MTND4 




0.000 


Y 


0.020 


OA VV VV 1 f t~\ 

PA XX XX 1 69 


6 


98 


5 


PCa 3 


None 














oa vv vv 1 ~ir\ 

PA XX XX 1 70 


5 


56 


1 3 


PCa 4 


None 














PA_XX_XX_171 


5 


89 


11 


PCa 5 


C9739T 


A1 78V 


A A T/*V"\ III 




0.01 8 


N 


0.000 


OA VV VV 1 ~7 ~\ 

PA XX XX 1 72 


5 


76 


1 6 


PCa 6 


T11253C 


I165T 


MTND4 




0.001 


N 


0.021 


PA XX XX 173 


6 


98 


16 


PCa 7 


G 15428 A 


D228N 


MTCYTB 


+ 


0.999 


Y 


0.000 


PA_XX_XX_1 74 


13 


100 


8 




T12631G 


S99A 


MTND5 




0.003 


N 


0.001 










PCa 8 


None 














PA XX XX 175 


9 


39 


0.5 


PCa 9 


None 














PA_XX_XX_1 76 


10 


79 


0.5 


PCa 10 


None 














PA_XX_XX_1 77 


11 


82 


0.5 


PCa 11 


None 














PA_XX_XX_1 78 


13 


60 


0.5 


PCa 12 


G9738A 


A178T 


MTCOIII 




0.219 


N 


0.007 


PA_XX_XX_1 79 


14 


65 


0.5 


PCa 13 


None 














PA_XX_XX_180 


7 


81 


7 


PCa 14 


A14220C 
G5849A 


L152P 


MTND6 
MT-TY 


+ 


0.999 


N 
N 


0.000 
0.000 


PA_XX_XX_181 


9 


80 


10 


PCa 15 


None 














PA_XX_XX_182 


16 


31 


0.25 



Abbreviations: BPH, benign prostate hyperplasia; Het, heteroplasmy; n.a., information not available; PCa, prostate carcinoma. 



and increased Skp2 and miR-1245 levels in vivo. Of note, two PCa 
specimens reported in this study (PCa 2 and 3; Figure 7) exhibited 
Skp2 upregulation but only a mild suppression of BRCA2 levels 
compared with normal prostates. This may be ascribed to lack of 
increased miR-1245 levels in these tumors, due possibly to the low 
number of mtDNA large deletions and/or to other regulators of 
miR-1245 levels at present unknown, as well as to other factors, 
including a possible aberrant localization of Skp2 in the 
cytoplasm, 44,45 which could prevent or weaken the interaction 
with its substrates, including BRCA2. 

The PI3-kinase/AKT pathway is known to modulate a multitude 
of cellular processes, including cell proliferation and survival, 
cancer metastasis and transcriptional regulation, 46 and a rise in 
calcium concentration has been reported to activate AKT. 47 We 
have previously shown that activation of PI3-kinase/AKT promotes 
resistance to anoikis in mtDNA-depleted cells. 16 We demonstrate 
here that a calcium/calcineurin-dependent activation of the PI3- 
kinase/AKT pathway suppresses also BRCA2 protein and enhances 
both spontaneous and rucaparib-induced HR in Rho(0) cells. Our 
findings that calcium/calcineurin are modulators of AKT activity in 
mtDNA-depleted cells are consistent with a previous report. 48 
Moreover, a recent study has shown that AKT impairs DNA repair 
by HR and that AKT suppression restores DNA damage 
processing 49 thus supporting our conclusions that AKT 
activation plays an important role in mediating BRCA2 
downregulation and the resulting accumulation of DSBs and 
chromosomal instability in mtDNA-depleted cells. However, we 
cannot exclude that other factors including the hypoxic-to- 



normoxic shift recently described in prostate and breast Rho(0) 
cells 50 or activation of calcineurin-dependent lkB(3 signaling 
described in mtDNA-depleted C2C12 myoblasts 51 may 
participate in the regulation of BRCA2 levels and HR in mtDNA- 
depleted cells. Reactive oxygen species are unlikely modulators of 
BRCA2 levels as mtDNA-deficient cells have reduced superoxide 
levels. 52 We also cannot exclude that other proteins, besides 
BRCA2, modulated by the E3 ubiquitin ligase Skp2 and/or by miR- 
1245 may contribute to reduced HR in mtDNA-deficient cells. 

While biological and clinical evidence have demonstrated that 
cancers arising from inherited BRCA2-deficient tissues are 
sensitive to PARP inhibitors, we suggest here that sporadic tumors 
harboring decreased BRCA2 protein resulting from mtDNA 
mutations may too be responsive to PARP inhibitors. Our work 
also highlights the potential role for miR-1245 and Skp2 as 
possible therapeutic targets in alternative strategies aimed at 
preventing tumor progression. 



MATERIALS AND METHODS 

Cell lines 

Normal immortalized prostate epithelial cells PNT1A, the PCa cell lines 
LNCaP and C4-2 and the breast carcinoma cell line MCF-7 were kept in 
culture as previously described. 15,16,53 Nthy-ori-3.1 normal immortalized 
thyroid cells were obtained from ECACC (Salisbury, UK). MtDNA depletion 
by exposing cells to low concentration of ethidium bromide is a powerful 
strategy that has been widely used in the characterization of cellular 
processes that may be influenced by alterations in the mtDNA. 25,26,28 In 
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this study, we used mtDNA-less [Rho(O)] PNT1A cells, PNT1A cybrids (that 
is, PNT1A Rho(O) cells in which the mtDNA pool was restored by fusion 
with platelets) and LNCaP Rho(O) cells that have been previously 
described. 16 MCF-7 Rho(O) and Nthy-ori-3.1 Rho(O) cells were generated 
by cellular exposure to ethidium bromide at low concentration (1 00 ng/ml) 
for 40 days and kept in culture in DMEM supplemented with 10% fetal 
bovine serum, 1 mivi pyruvate and 50|ig/ml uridine. 



Western blotting 

Total protein extracts were analyzed by immunoblotting as described 
previously. 16 Where indicated, cells were incubated with the protein 
synthesis inhibitor cycloheximide (20(ig/ml; Sigma, Milan, Italy) or vehicle 
alone (ethanol), before lysis. BRCA1 antibody (D20) was from Santa Cruz 
Biotechnology (Dallas, TX, USA). p-AMPKa antibody was from Cell Signaling 
(Danvers, MA, USA). 



RNA extraction and real-time quantitative PCR 
Total miRNA was extracted using the mirVana miRNA Isolation Kit (Life 
Technologies, Monza, Italy) according to the manufacturer's instructions. 
cDNA was synthesized using the Taqman miRNA reverse transcription kit 
(Life Technologies), and the expression levels of miR-1245 were quantified 
using the miRNA-specific TaqMan MiRNA Assay Kit (Life Technologies). The 
expression of miR-1245 was defined based on the threshold cycle (Ct), and 
relative expression levels were calculated as 2 - [(Ct of miR-1245) - (Ct of 
U6)] after normalization with reference to the expression of U6 small 
nuclear RNA. 

To assess BRCA2 mRNA levels, total RNA was extracted from cell lines 
using the Trizol reagent (Life Technologies) and BRCA2 mRNA levels were 
assessed by real-time PCR using the QuantiFast SYBR Green RT-PCR kit 
(Qiagen, Milan, Italy). The primers used for BRCA2 are 5'-GCGCG 
GTTTTTGTCAGCTTA-3' (forward) and S'-TGGTCCTAAATCTGCTTTGTTGC-B' 
(reverse). GAPDH was used as a reference control (primers: 5'-ACCAC 
AGTCCATGCCATCAC-3' forward, S'-TCCACCACCCTGTTGCTGTA-S' reverse). 



Prostate tissue specimens 

Primary cancer (Gleason grade 6-9) and BPH were obtained from the 
Tissue Bank of UT Southwestern Medical Center (Dallas, TX, USA). The 
Institutional Review Board approved the tissue procurement protocol in 
this study, and informed consent was obtained from all patients. Six 
normal prostate specimens from organ donors who died from 9 May 2003 
to 26 November 2004 were obtained from the National Disease Research 
Interchange (Philadelphia, PA, USA). Blood samples collected from the 
Department of Urology at the time of prostate cancer patients' 
hospitalization/surgery have been used for mtDNA analysis to exclude 
individual/genotype variability in the mtDNA profile. Blood samples were 
not available for normal and BPH specimens. 



yH2AX/Rad51 immunofluorescence 

The histone protein H2AX becomes rapidly phosphorylated leading to 
accumulation of yH2AX at nascent DSBs, thus creating a focus where 
proteins involved in DNA repair and chromatin remodeling assemble. This 
amplification makes it possible to detect DSBs with an antibody to yH2AX, 
with the number of DSBs estimated from the number of foci. 54 Rad51 is a 
crucial downstream protein involved in HR repair, which is relocalized 
within the nucleus in response to DNA damage to form distinct foci that 
can be visualized by immunofluorescence. These foci are thought to 
represent assemblies of proteins at these sites of HR repair. Therefore, 
quantification of Rad51 serves as a marker of HR function to distinguish 
between HR-proficient and HR-deficient cell lines. 55 Analysis of yH2AX 
and Rad51 foci was performed by immunofluorescence essentially as 
described by Mukhopadhyay et al. 56 For more details, see Supplementary 
Information. 



Clonogenic cell survival assays and apoptosis 
Cells were seeded into six-well plates for 24 h and added with medium 
containing 10 \im AG014699 for 24 h. Following harvesting, cells were 
seeded in drug-free medium into 90-mm Petri dishes (8000 per dish). Cells 
were fixed (methanol/acetic acid, 3:1) after 14-21 days. When distinct 
colonies were not formed, cells in monolayer were counted across three 
fields by two independent reviewers. Apoptosis was analyzed 48 h after 
addition of 10 |im AG014699 using the Cell Death Detection ELISA plus 
according to the manufacturer's instructions (Roche Applied Science, 
Milan, Italy). 



ATP levels 

ATP levels were measured in cell extracts as previously described/ 



Determination of [Ca 2 + ]j 

[Ca 2+ ], was measured in live cells using the fluorescent intracellular 
calcium indicator Fura-2AM (Life Technologies) as previously described. 58 
For manipulation of intracellular calcium levels, cells were preincubated for 
1 h in medium supplemented with 2|im BAPTA-AM (Sigma) or for 3 h in 
medium supplemented with 0.5 jj.m ionomycin (Sigma), then washed and 
added with fresh medium containing IOujvi AG014699 for 48 h. 

Detection of mtDNA large deletions by long PCR 

High molecular weight DNA was isolated from cells or tissue specimens 

(50-1 00 mg) using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, 

USA) as described by the manufacturer. The entire mtDNA genome 

(1 6.6 kb) was amplified using a single back-to-back primer set as previously 

described. 16 

Analysis of mtDNA content 

The mtDNA content was analyzed by real-time PCR using specific primers 
for the D-loop and cytochrome oxidase II (Cox II) mtDNA regions as 
previously described. 15 

Mitochondrial DNA sequencing and analysis 

The entire mtDNA sequence of tumor and hyperplastic samples was 
obtained with the MitoAII re-sequencing kit (Applera, Foster City, CA, USA) 
and analyzed with the SeqScape2.5 software (Applied Biosystems, Foster 
City, CA, USA) as previously described. 39 Prediction of pathogenic potential 
of missense mutations was performed with PolyPhen2 59 as previously 
described. 39,60 Variability was estimated as previously described, 39 from 
public database HmtDB 61 

Translation assay 

BRCA2 translation rate was assessed using [ 35 S]protein labeling mix and 
the amount of BRCA2 nascent protein analyzed by immunoprecipitation as 
previously described. 62 

Transient transfection 

Transient transfections were performed as previously described. 16 Rad51 
and Skp2 siRNAs were from Santa Cruz Biotechnologies. Inhibitory hsa- 
miR-1245 miRNA/microRNA Lentivector was transfected according to the 
manufacturer's protocol (Applied Biological Materials Inc, Richmond, 
Canada). 

Statistical analysis 

Differences were compared among normal prostate, BPH and cancer 
specimens using the Mann-Whitney U-test and Fisher's exact text, with 
similar results. The relationship of BRCA2, Skp2 and miR-1245 with the 
number of mtDNA large deletions was evaluated using the Spearman 
correlation coefficient. The ANOVA test was used for experiments with cell 
lines. 
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